Fibers of cellulose diacetate (CDA) and chitosan (CTS) of polycationic and polybasic forms were tested as matrices for solid-surface fluorescence (SSF) of several fluorescent probes-eosin Y, trypaflavine, and pyrene. The morphology and surface potential of these matrices were examined. The influence of structural and energetic characteristics of the fibrous polysaccharide materials at SSF of the probes was shown. Fluorescence was studied in aqueous solutions of eosin Y and trypaflavine, in water-ethanolic and watermicellar surfactant media of pyrene, before and after dynamic sorption of the dyes on fibers and in the adsorbed state. The surface of CDA fiber was shown to be capable of sorbing trypaflavine from water and pyrene from water-micellar surfactant media of various types, so it can be a promising matrix for SSF of pyrene and trypaflavine and their chemical analogs. The Coulomb interactions were proposed to determine eosin Y and trypaflavine concentration on the surface of CTS matrices and the SSF of these probes. The CTS fibers were permeable to hydrophobic pyrene dissolved in an ethanol-water medium or solubilized in the micelles of ionic surfactants.
Introduction
Analytical methods usually include sample separation and preconcentration, which have a direct impact on their accuracy, precision, and detection limits. At present, considerable attention is paid to solid-phase extraction (SPE), which involves adsorption of analytes on solid sorbents. SPE is widely applied in the analysis of various chemical compounds from environmental samples, body fluids, food, and so forth [1] [2] [3] [4] [5] .
SPE can be the first stage of the spectrofluorimetric determination of an analyte in a solid phase. Nowadays, solidsurface [6] or solid-matrix [7] luminescence is successfully applied for trace quantification of organic and inorganic compounds in various media. Data are available on the solid-surface fluorescent (SSF) analysis of polycyclic aromatic hydrocarbons (PAH) in aqueous media [3, 8] , anticonvulsant carbamazepine and its main metabolite in human serum [9] , retinol in aqueous micellar media with a low quantity of a short-chain alcohol [10] , caffeine in urine, plasma and serum [11] , doxycycline in water media [12] , explosives in a vapor phase [13] , Al(III), Be(II), and Ga(III) in water [14] , and so forth. Since SSF combines sorption preconcentration with the direct measurement of the analyte fluorescence, it can be used in chemical sensors [15] or even nanosensors [16] for intracellular analysis.
There are many solid materials with various properties which are suitable for SSF applications. Among them are silica gel [12, 17] , zeolite [18] , foamed polyurethane [19] , cellulose [14] , and so forth. Decyl methacrylate was used as a matrix for fluorescent nanosensors [16] . The unique electrical, mechanical, and chemical properties of nanomaterials have sparked great interest in their usage for SSF as well [11, 20, 21] .
The availability and low cost of the raw materials which a matrix is made of are important for its selection. Therefore, the interest in materials based on natural polysaccharides and their derivatives is growing. The cellulose matrix, being a solid particulate material of a microfiber structure, is most popular as a sorbent for SSF [14, 22, 23] . Cellulose's disadvantages, however, are its disposability and the relatively low efficiency of sorption due to the hydrophilic nature of the material. Therefore, searching for other promising polysaccharide materials to design matrices for analyte sorption is important.
Polymeric materials based on cellulose diacetate (CDA) have a number of valuable properties. They are widely used as sorbents in various industries and as membranes for the purification and preconcentration of proteins, enzymes, and antibiotics [24, 25] . The aminopolysaccharide chitosan (CTS) is promising as well. Materials on its basis exhibit a high sorption capacity [26, 27] and serve effective sorbents of some nonpolar compounds (dyes, surfactants), heavy metal ions, and so forth [28, 29] . Depending on the technique of formation, CDA and CTS materials can be prepared in various morphological forms such as films or fibers [25, 27] . This allows one to vary the surface characteristics of the polymeric sorbent. The presence of such a complex of useful properties determines good prospects of CDA and CTS for the design of new materials for purification, concentration, and analysis purposes.
The aim of this study was to assess the ability of polysaccharide matrices based on CDA and CTS fibers to interact with substances of different types for their application in solid-surface fluorescent analysis.
Experimental Methods

Polysaccharide Matrices.
Fibrous materials made of CDA and CTS were used in the study. Polymer characteristics are as follows: CDA with a viscosity-average molecular weight V of 77 kDa, an acetylation degree of 55%, and a 3% moisture, used for the production of acetate filaments of textile purposes (Technofilter Ltd., Vladimir, Russia); CTS with V = 200 kDa, a deacetylation degree of 82 mol.%, and a 9% moisture (JSC "Bioprogress, " Shchelkovo, Russia). CDA and CTS fibers were prepared from polymer solutions in 70% acetic acid (reagent grade) by electrospinning at the Educational & Research Institute of Nanostructures and Biosystems (Chernyshevsky Saratov State University, Russia). CTS in these fibers existed in two chemical forms, namely, polycationic or polybasic. To convert CTS from polycationic to polybasic form, the samples were incubated in 1 N NaOH solution for an hour. Then they were washed with distilled water until pH 7 and dried at 20 ∘ C during one day. −6 M aqueous solution of trypaflavine (pH = 7.4), and water-ethanolic (pH = 6.9) and water-micellar surfactant solutions of pyrene with a concentration of 2.24 × 10 −5 M were used in our experiments.
A stock solution of pyrene was prepared by dissolving an accurate weight in ethanol. The resulting solution was stored in a dark place to prevent photochemical destruction. Waterethanolic pyrene solutions for tests were prepared by diluting the stock solution with distilled water immediately prior to use.
Aqueous micellar solutions of pyrene were prepared using such surfactants as sodium dodecyl sulfate, SDS (LenReaktiv, St. Petersburg, Russia), cetyltrimethylammonium bromide, CTAB (Sigma, Alfa Aesar Manufacturer, Great Britain), and polyoxyethylene (10) mono-4-isooctylphenyl ether, TX-100 (ACROS ORGANICS, USA). The pure substance content was 98-99% for all surfactants. The weight of pyrene was dissolved in 0.5 M solution of the surfactant, diluted with distilled water to the final surfactant concentration of 10 −2 M. The pH of the aqueous micellar solutions of pyrene was 8.8, 8.1, and 8.5 for SDS, CTAB, and TX-100, respectively. The pH of the solutions was measured with a pH meter pH-673 M ("Measurement Equipment" Ltd., Moscow).
Testing
Methods for CDA and CTS Fibers. Surface morphology was evaluated by scanning electron micrographics (SEM) on MIRA \\ LMU electron scanning microscope (Tescan, Czech Republic) at a voltage of 8 kV and a conductive current of 60 pA. A gold layer of 5 nm thickness was sprayed onto the samples with a K450X carbon coater device (Germany); the spraying current was 20 mA, with the spraying duration of 1 min.
The surface potential ( , mV) of fibrous matrices was measured with a surface potential sensor (Nima KSV, Finland).
Conditions of the Solid-Phase Sorption of Probes.
The sorption of fluorescent probes was performed in the dynamic mode. To this purpose, the solutions ( = 10 mL) were passed through the fiber five times, using a disposable sterile syringe Master UNI "PharmLine Limited" (Cornwall Buildings, Birmingham, Great Britain) with a sorbent holder and a receiving reservoir. The mass of the sorbents was 0.05 ± 0.01 g. The fibrous matrices were then dried at room temperature until constant weight was reached.
Fluorescent Analysis.
The fluorescence spectra of fluorescent probes in solution and in an adsorbed state on solid matrices were recorded on a LS 55 fluorescent spectrometer from Perkin-Elmer (Perkin-Elmer Life and Analytical Sciences, Inc., USA). A xenon lamp operating in pulse mode with a frequency of 50 Hz served as a source of radiation. The Monk-Gillieson monochromators were employed. The fluorescence of solutions was measured in a standard quartz cuvette with = 1 cm, whilst a holder for solid samples was used for solid matrices.
The fluorescence of trypaflavine, eosin Y, and pyrene was measured within the spectral range of 475-575, 520-580, and 350-450 nm, respectively; the wavelength setting accuracy was 1 nm. The excitation radiation wavelength for trypaflavine, eosin Y, and pyrene was 460, 500, and 320 nm, respectively. The scanning rate was 200 nm/min.
The extraction degree ( , %) of the probes was determined as [23] that after sorption concentration on the fiber. 5 , that is, the value of Fl of the fifth vibronic band in the spectrum, was used for pyrene. The relative fluorescence intensity ( Fl Rel ) of pyrene in solution was determined as 5 /1000, where 5 is the maximum value of Fl of the fifth vibronic band in the spectrum.
Results and Discussion
Material Morphology and Surface Potential.
Fibrous materials on the basis of polysaccharides of vegetable and animal origin were used in our studies. CDA is the product of cellulose acetylation, with 50-60% of the hydroxyl groups replaced by acetate groups. It is insoluble in water, hydrophobic, and highly soluble in process solvents (acetone, methylene chloride), which allows obtaining fibers, films, and membranes on an industrial scale [24, 25] .
The macromolecule of CTS has a heterochain structure and is built from -glucosamine units (mainly) andacetyl--glucosamine units linked by -1,4-glycoside bonds. The presence of an amino group in the elementary unit leads to two possible chemical forms of CTS in ready fibers, namely, the polycationic and polybasic forms, depending on the preparation technique used [27] . Polycationic CTS is well soluble in water, whereas the polybasic form is hydrophobic. Fibers made of these two forms of CTS differ in other physicochemical characteristics as well.
We examined the morphology and surface-energy characteristics of several fibrous materials based on CDA and CTS; Figure 1 shows their SEM images.
The material made of CDA is seen to have the highly ordered stacking of fibers whose diameter varies within the range = 300-3000 nm (Figure 1(a) ). The material made of the polycationic CTS is characterized by the weakly ordered stacking of fibers with = 150-400 nm (Figure 1(b) ). The material made of the polybasic CTS has a cellular structure 4 International Journal of Polymer Science (Figure 1(c) ). When the chemical form of CTS switches from polycationic to polybasic form, the fibers are curved, their diameter increases, and the pore sizes in the material reduce. The surface potential of our fibrous materials at the interface with air was estimated ( Table 1) . Bound water in the surface layer of the material was taken into account. The measurement results indicate that the surface of the polycationic and polybasic CTS fibers has a positive and a negative charge, respectively. The absolute value of of the fibrous material of both chemical forms of CTS varies slightly. The CDA fiber surface is characterized by a positive value of the potential, whose modulus by 2.2-3.6 times exceeds this value for the CTS fibers.
Thus, the fibrous polysaccharide materials have different structural and energetic characteristics, which can affect their interaction with organic substrates during SSF analysis.
Fluorescence of Hydrophilic Dyes in Water and Solid
Phases. Two hydrophilic fluorescent dyes of different families, namely, trypaflavine (acriflavine chloride) and eosin Y, were used in our experiments [30] .
Trypaflavine is an acridine dye, readily soluble in water. The application areas of trypaflavine are as follows: an antiseptic and an intercalating dye for DNA and proteins investigation [31] . On the basis of probes of a structure similar to methylacridinium-9-carboxamide N-methylacridinium-9-methyl carboxylate, fluorescent molecular sensors for halide ions (except F − ) based on collisional quenching of a dye have been designed [30] .
Eosin Y is a dye of the xanthene family, soluble in water, very sensitive to pH, and used as a pH fluorescent probe. It is known as a fluorophore undergoing neither photoinduced proton transfer nor photoinduced electron transfer. When pH increases, the absorption and emission bands of its acidic form decrease with a concomitant increase in the absorption and emission bands of the basic form [30] .
Eosin Y fluorescence and trypaflavine fluorescence were studied in aqueous solutions before and after their dynamic sorption on fibers and in an adsorbed state. As an example, presented are the fluorescence spectra of trypaflavine ( Figure 2 ) and eosin Y (Figure 3 ) in aqueous solutions before and after sorption on the CDA and CTS fibers, respectively, and in the adsorbed state. We note that eosin Y is hardly sorbed on CDA, while trypaflavine is poorly sorbed on the CTS fiber.
The spectra of trypaflavine and eosin Y have one fluorescence maximum ( max ) at wavelengths of 505 and 537 nm, respectively, in both aqueous phase and sorbent phase. The polycationic CTS fiber is an exception, which is found to shift the eosin Y max to = 543 nm. This allows one to evaluate the content of substances in solution and on the surface of the sorbent from the value of the fluorescence intensity at the maximum of the spectrum and to estimate the extraction degree ( , %) of substances.
To compare the signal intensity of a substance in the sorbent phase with its extraction degree, the ratio / max ⋅ 100% was calculated, where max is the max of the substance in solution before sorption and is the max of the substance in the adsorbed state on the fibrous matrix. This ratio represents the change in the signal intensity of the substance in its adsorbed state. Table 2 shows that the extraction degree of trypaflavine and eosin Y on the CDA fiber is 24.2 and 3.3%, respectively. Consequently, the CDA fiber interacts better with trypaflavine than with eosin Y. On the contrary, the CTS fibers showed higher affinity for eosin Y than for trypaflavine:
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At similar extraction degrees of trypaflavine by the CTS fibers of both forms, the intensity of its signal in the adsorbed state on the polybasic CTS fiber was 3 times higher than on the polycationic CTS fiber. The polycationic CTS fiber is hydrophilic with a total surface charge of +116.5 ± 1.5 mV. Possibly, therefore trypaflavine well penetrates through the pores of the sorbent and sorbs in the bulk of the fibrous matrix rather than on its surface. The surface of the hydrophobic polybasic CTS fibers has a total negative charge, so trypaflavine cations concentrate in the water layer at the surface of the matrix, which results in an increased SSF signal.
A similar effect is observed for eosin Y sorption on the polycationic CTS fiber. When pH > 5, eosin Y is a negatively charged dianion, which favors its concentration at the surface of the matrix with a total positive charge. Its SSF signal amplifies. The polybasic CTS fiber absorbs 95.5% of eosin Y, that is, three times more than the polycationic CTS fiber. But the SSF signal is increased by 1.5 times only, which, in our opinion, means distribution of the probe inside the bulk of the sorbent, promoted by the cellular structure of this material.
The porous structure of chitosan fibers can be useful for the design of hydrophilic fluorescent probe matrices on their basis for usage in chemical sensors. Porous silica films doped with small molecule fluorophoric metalloporphyrins are examples of high-sensitivity sensors of explosives [13] .
Fluorescence of Pyrene in Water-Ethanolic and WaterMicellar Solutions and on Solid Phases.
Pyrene is known as a hydrophobic dye used to explore the polarity of a medium [30, 32] . It is commonly used as a model compound in studies on PAH [23] . The fluorescence emission spectrum of pyrene is known to have a vibronic structure with five bands within the wavelength range 360-450 nm. The concentration and extraction degree of pyrene are usually determined by the fluorescence intensity ( 5 ) of the fifth band ( = 395 nm). The intensity ratio ( 1 / 3 ) of the first ( = 375 nm) and third ( = 385 nm) bands, called the polarity index, is used to evaluate the polarity of the microenvironment of the probe [32] . We examined the fluorescence of the hydrophobic pyrene probe in water-ethanolic and aqueous micellar solutions before and after dynamic sorption on the fibers and in the solid phase of the sorbents under study.
The pyrene signal intensity in water-ethanolic solutions after sorption on the CDA and CTS fibers decreases slightly. Figure 4 shows the fluorescence spectra of pyrene in waterethanolic solutions before and after sorption on the CDA fibers, which have a typical vibronic structure [23, 32] . The pyrene signal in the ethanolic solution on the CDA matrix is weak but much higher than expected, given that is 10% (Figure 4 ). The pyrene signal on both types of CTS fibers is almost zero. Consequently, the sorption of pyrene from its ethanolic solution on the fibers proceeds weakly. But after sorption on the CDA fibers the pyrene signal intensity increased, which was also observed with cellulose used as a matrix [23] .
To improve the sorption characteristics of the matrix, surfactants of different nature were used: the anionic SDS, the cationic CTAB, and the nonionic TX-100. A similar approach is described in earlier papers [23, 33] . The actual surfactant concentration (10 −2 M) was above the critical micelle concentration (CMC). The fluorescence spectra of pyrene in aqueous micellar media before sorption, after sorption, and in an adsorbed state on the fibers tested are shown in Figures 5 and  6 .
When the spectra of pyrene in the aqueous micellar medium are recorded before sorption (Figures 5 and 6 ), one can conclude that the maximum intensity of fluorescence is observed in the presence of CTAB, while the lowest one is in the case of SDS at the same concentration of pyrene in the medium. This gives evidence of the highest concentration of pyrene in the micelles of the cationic surfactant. From the changes in the signal intensity after sorption and the values of the extraction degree of pyrene given in Table 3 it is evident that the CDA fibers have a greater sorption capacity than the CTS ones. Pyrene sorption on the CDA fibers proceeds better from the aqueous micellar media with TX-100 (the extraction degree was 82.9%). When the CTS fiber was used, the maximum extraction degrees of pyrene (74.2%, 72.1%) were observed for the TX-100 solution as well.
Moreover, it is clear from Figures 5 and 6 that the pyrene signal is greatly enhanced in the adsorbed state on CDA. It is much higher than the signal in solution, which is probably due to concentration of pyrene molecules at the surface of the CDA fibers in a micellar layer [21, 23] . The solutions with SDS are exceptions. At the same time, the values of the fluorescence intensity of pyrene sorbed on the CTS fibers of both forms are close to zero, in spite of the high extraction degree of the probe in the medium with TX-100, which may be due to probe penetration into the pores of the fibrous material and fluorescence quenching.
Effect of the Surfactant Nature on the SSF of Pyrene.
To compare the effect of the surfactants selected on the fluorescence of pyrene in the CDA phase, we calculated the values of the pyrene fluorescence intensity ( 5 ) in relative terms ( rel = 5 /1000). Figure 7 shows that the maximum SSF signal was observed after sorption from the aqueous micellar solution of TX-100 while the minimum signal was from the aqueous micellar solution of SDS. It is noted that the use of the cationic CTAB leads to the maximum enhancement of the pyrene SSF signal at the minimum extraction degree for CDA in this experiment. Transition of PAH molecules from the aqueous macrophase to the micellar micropseudophase is known to occur in surfactant micellar media; for example, the transfer efficiency of pyrene into SDS micelles reaches 99% [33] . Micelles can be adsorbed on the matrix and concentrate pyrene on the sorbent surface. Consequently, an increased SSF signal indicates effective interaction of the micelles with the fiber surface. These results tell us that the CTS-based fiber, probably due to its mesh structure, is well permeable to ionic surfactants and pyrene. The highly ordered fibrous CDA material, on the contrary, retains micelles with solubilized pyrene at its surface.
Of course, the nature and CMC of surfactants shall affect the extraction degree of pyrene from aqueous solution. The CMC 1 /CMC 2 of the surfactants in water at 25 ∘ C are known to be 8.0/50 mM for SDS [34] , 0.9/21 mM for CTAB [35, 36] , and 0.2/1.4 mM for TX-100 [37] ; that is, the surfactant concentration used (10 mM) was almost equal to CMC 1 for SDS, 10 CMC 1 for CTAB, and 1.5 CMC 2 for TX-100. Apparently, this explains the differences in the pyrene fluorescence intensity in various aqueous micellar media and on our CDA fibers modified with various surfactants.
The influence of surfactants on the pyrene SSF on the CDA fibers is the subject of special studies. We have established the fact of the effective sorption of pyrene from watermicellar media on this matrix and the intense fluorescence of the probe in the sorbed state, which can be used in chemical sensors.
Conclusions
The experimental results show that the material made of CDA has a highly ordered stacking of fibers with = 300-3000 nm and the surface potential = +419.0 ± 1.0 mV. The material made of polycationic CTS is characterized by = +116.5 ± 1.5 mV and a weakly ordered stacking of fibers with = 150 nm. The polycationic-polybasic switch in CTS leads to distortion of the fibers, their increased diameter, reduced pore sizes in the material, and an inversed sign of the surface potential: = −192.5 ± 0.5 mV. CDA fibers are capable of sorbing trypaflavine on their surface; that is, they can be used as a matrix for SSF of this dye and similar (by chemical structure) probes. CDA fibers are also good sorbents for pyrene from water-micellar surfactant media of various types and promising matrices for its SSF.
For the CTS fibers it is shown that the SSF signal of eosin Y anions increases on the surface with the total positive charge (the polycationic form) and that of trypaflavine cations does on the surface with the total negative charge (the polybasic form); that is, the Coulomb interactions determine concentration and fluorescence of these probes on CTS matrices. The polybasic CTS fibers have the highest sorption capacity ( = 95.5%) relative to the negatively charged eosin Y.
The CTS fibers are permeable to hydrophobic pyrene dissolved in a water-ethanolic medium or solubilized in the micelles of ionic surfactants at concentrations below CMC 2 .
These results can be used in the design of chemical sensors. Solid-phase extraction SSF:
Acronyms
Solid-surface fluorescence TX-100: Polyoxyethylene (10) mono-4-isooctylphenyl ether.
